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Spin valve nanopillars are reversed via the mechanism of spin momentum transfer using current 
pulses applied perpendicular to the film plane of the device. The applied pulses were varied in 
amplitude from 1.8 mA to 7.8 mA, and varied in duration within the range of 100 ps to 200 ns. 
The probability of device reversal is measured as a function of the pulse duration for each pulse 
amplitude. The reciprocal pulse duration required for 95% reversal probability is linearly related 
to the pulse current amplitude for currents exceeding 1.9 mA. For this device, 1.9 mA marks the 
crossover between dynamic reversal at larger currents and reversal by thermal activation for smaller 
currents. 
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I. INTRODUCTION 

The free-layer magnetization in a spin valve can be 
reversed by a sufficiently high current density applied 
perpendicular to the ffim plane 0,13,0. This effect, ex- 
plained by angular momentum transfer between spin po- 
larized currents and the magnetization of the ferromag- 
netic films within the spin valve structure!^, is being ex- 
plored as a possible high-speed bit- writing mechanism for 
magnetic random access memory (MRAM). Such a mech- 
anism may replace conventional field-driven bit reversal 
within the cross-point writing scheme 5] by eliminating 
the problem of possible reversal of half-selected bits in 
ultra-dense memory arrays. In previous work, current- 
driven switching has been experimentally investigated 
with currents varying from quasi-DC, to millisecond- 
duration ramps, to pulse widths down to 100 ns 2, 6, 7]. 
In this paper we investigate the reversal of current- 
perpendicular-to-plane (CPP) spin valve nanopillars due 
to pulsed currents whose durations range from 200 ns to 
100 ps. 



II. EXPERIMENT 

Devices having lateral dimensions less than 200 nm are 
required to achieve spin transfer switching because large 
current densities 10^ A/cm^) are needed. We have 
studied 50 nm x 100 nm spin valve nanopillars sputter- 
deposited with the following layer composition (from bot- 
tom to top): IrMn(7)/Co(7.5)/Cu(4)/Co(3). Here the 
layer thicknesses in parentheses are given in nanometers. 
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The top Co layer is referred to as the free-layer because 
its smaller thickness gives it both a lower coercivity and 
lower critical current. The top and bottom of the spin 
valve structure are in direct contact with thick metallic 
leads that connect to contact pads on the chip surface. 
The current flows perpendicular to the film plane, and, 
for the purpose of this report, positive current specifies 
electron flow from the top lead to the bottom lead. 

The nanopillar structure is patterned by electron beam 
lithography and further fabricated through a process sim- 
ilar to what has been previously described The device 
shape is an elongated hexagon that provides a uniaxial 
shape anisotropy. A quasi-static resistance vs. magnetic 
field hysteresis loop for the device studied in this paper 
is shown in Fig. 1(a). The resistance change between the 
antiparallel state and the parallel state is about 200 mTt^ 
with abrupt switching between states. The magnetic lay- 
ers of the device are antiparallel in zero applied field be- 
cause of the magnetostatic interaction between effective 
magnetic charges at the edges of the layers. Furthermore, 
the switching fields are symmetric about zero, indicating 
negligible exchange bias between the IrMn film and the 
thicker Co layer. 

The hysteresis loop due to current-driven reversal of 
the free-layer in an applied easy- axis field of 66.7 mT 
is shown in Fig. 1(b). The resistance change between 
the two states is abrupt and similar in magnitude to 
what is seen in Fig. 1(a). The applied field opposes 
the effective field arising from the interlayer magneto- 
static coupling and causes device bistability at zero cur- 
rent. The current-dependent switching behavior is con- 
sistent with the prediction that the spin torque driven 
instability occurs for only one current direction for the 
given initial layer configuration 9j . Given the sign con- 
vention we have chosen for the current, theory predicts 
that positive currents stabilize the high-resistance, an- 
tiparallel state, whereas negative currents stabilize the 
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low resistance, parallel state. Accordingly, the switch 
to the high-resistance state occurs for positive current, 
whereas a negative current switches the device into the 
low resistance state. 

To study device reversal driven by high-speed cur- 
rent pulses, a microwave probing assembly, schematically 
shown in Fig. 2, was used. The device was contacted by 
coplanar waveguide (CPW) probes connected to a 50 1^ 
transmission line cable that connects to the 50 Q input 
port of a bias-tee. The device resistance was monitored 
through the inductive path of the bias-tee while current 
pulses were applied through the capacitive path. Several 
pulse generators were used, which allowed pulse dura- 
tion to vary from 100 ps to 200 ns. The pulse rise times 
ranged from about 50 ps for 100 ps to 10 ns pulses, 2 ns 
for 10 ns to 100 ns pulses, and 8 ns for longer pulses. 

The current through the device for a given applied 
pulse was determined by considering the device as a re- 
sistive load Zl at the end of a 50 1^ transmission line (for 
the device considered here, Zl = 7AQ). The initial cur- 
rent flowing along the transmission line is i = Vq/Zq^ 
where Vq is the pulse voltage and Zq = 50 How- 
ever, when the pulse reaches the device, power is re- 
flected due to the impedance mismatch. Thus, the cur- 
rent through the device is given hy zl = (Vb/^o)(l — T), 
where F = {Zl — Zq)/{Zl + Zq) is the reflection coefli- 
cient. 

The measurement for determining switching probabil- 
ity due to current pulses follows a process similar to previ- 
ous measurements made to determine the switching prob- 
ability of current-in-plane spin valves due to applied fleld 
pulses 10]. A DC current of 3.5 mA was applied through 
the device for 1 s. This was suflicient current to consis- 
tently set the device into the antiparallel state as seen in 
Fig. 1(b). Next, a negative polarity current pulse was 
applied through the device. The device resistance was 
measured and then reset again to the antiparallel state. 
This process was repeated 100 times for identical pulses 
to give the switching probability for that particular pulse 
amplitude and duration. The switching probability was 
determined in this way for a systematically varied group 
of pulse durations and pulse amplitudes. Throughout 
the measurement process, quasi-static, current-driven 
switching hysteresis loops were measured to determine 
whether the application of many current pulses altered 
the device properties: The two-terminal device resistance 
changed slightly over time, but the resistance change be- 
tween states and the switching currents did not vary. 



III. RESULTS AND DISCUSSION 

The probability of switching from the antiparallel to 
the parallel state was measured as a function of the pulse 
duration for negative current pulse amplitudes increas- 
ing from -1.8 mA to -7.8 mA. The quasi-static switch- 
ing current, determined from Fig. 1(b), was -1.0 mA. 
The pulse duration was varied in increments as small as 



100 ps. Figure 3 shows the switching probability as a 
function of pulse duration for several values of pulse am- 
plitude. The switching probability increases from zero 
to one as the pulse duration is increased. This trend is 
consistent with two types of switching behavior: thermal 
activation over a barrier, and dynamic reversal, where 
the barrier between two states is completely suppressed. 
In zero effective fleld and zero applied current, the de- 
vice free-layer orientation is bistable, indicating an en- 
ergy barrier separating two stable magnetization states. 
The energy barrier between the states can be lowered by 
application of a magnetic fleld, leading to reversal and 
hysteresis. Since hysteretic reversal can also occur by 
way of applied currents, it is reasonable to propose that 
the mechanism of spin torque also serves to lower the 
energy barrier between the two magnetization states as 
current of the appropriate direction is increased through 
the device. Evidence that spin torque can control the 
barrier height, and hence the thermal activation rate for 
switching, has been found in the results of a variety of 
experiments 0, IE IE Q • 

Thermally activated reversal is expected at lower val- 
ues of current where the energy barrier separating the two 
stable states of the device is decreased during application 
of the pulse to a height of the order of /c^T, where /c^ is 
Boltzmann's constant and T is room temperature for our 
measurements. In this case, the time dependence of the 
probability for incurring a switch event is a simple expo- 
nential function 12] P{td) = 1 - e"^^/^. The pulse du- 
ration, td^ is equivalently the time interval during which 
the energy barrier is lowered to allow for a thermally acti- 
vated switching process. The parameter r is the average 
dwell time of the initial state before switching, and it 
depends on the ratio of the barrier height to the tem- 
perature, which would decrease with applied current. At 
higher currents, where the energy barrier is completely 
suppressed, reversal takes place through a deterministic 
trajectory, and a simple exponential dependence cannot 
be expected. Rather, the switching probability should 
remain zero until the pulse duration exceeds the period 
required for the magnetization to dynamically evolve past 
the device hard-axis direction (i.e., a state that relaxes 
to parallel alignment). Once the pulse duration exceeds 
this critical period, which depends on switching speed, 
the switching probability sharply increases to one. The 
switching speed should increase with current 13] which 
implies that for larger currents, smaller pulse durations 
are required for consistent switching. 

The switching probability vs. pulse duration data do 
not flt the simple exponential form predicted for thermal 
activation. This disagreement is speciflcally shown in 
Figs. 4(a) and 4(b) for currents of -2.8 mA and -2.0 
mA respectively. For all the currents investigated, the 
exponential flts fail to match the sharp inflections in the 
data where the probability increases from zero and when 
the probability settles at one. However, as the current 
amplitude decreases, the deviation from the exponential 
flt decreases, as seen in Fig. 4(b). A much better flt 
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to the data (also shown in Figs. 4(a) and 4(b)) is given 
by 1 - g{td), where g{td) = 1/(1 + e^^'^"^)/^) is a Fermi 
distribution function with two free parameters A and B. 

The data do show a critical duration that varies in- 
versely with current, beyond which the switching prob- 
ability becomes nonzero. Furthermore, the switching 
probability changes smoothly, over a measurable width 
tw, from zero to one. For the case of switching while the 
barrier is fully suppressed, t^j can be due to a distribu- 
tion of initial magnetization directions about the equi- 
librium easy-axis direction at finite temperatures. Thus, 
the response to identical pulses varies from pulse to pulse 
because differences in initial states will affect the switch- 
ing speed and/or the size of the angle through which the 
magnetization needs to travel for reversal. This effect 
produces a distribution of the critical pulse durations 
needed to reverse the device. Our data show that the 
width of the distribution increases as the current de- 
creases, further indicating that the width is not simply 
due to fiuctuations in the pulse duration and amplitude 
from pulse to pulse. 

For the case of switching while the barrier is com- 
pletely suppressed, the pulse duration required for re- 
versal is pred icted to be inversely proportional to the 
current [tIIi^. From the switching probability vs. pulse 
duration data for all currents investigated, the point rgs, 
the duration at which the switching probability equals 
0.95, is extracted. Figure 5 shows l/rgs plotted vs. the 
current amplitude. A linear relationship between l/rgs 
and current is seen extending from -2 mA to -5.5 mA with 
a slope -0.55 GHz/mA. The linear trend indicates driven 
dynamic reversal in the absence of a barrier, which has 
also been observed in micromagnetic simulations [l^ and 
experimentally by a different measurement technique 7]. 
Beyond -5.5 mA, there is a kink and again a linear rela- 
tionship with a slightly smaller slope. For a current of 



-7.8 mA, Tgs is 290 ps. Shorter switching times should be 
possible for these devices, as the devices are capable of 
withstanding DC currents up to -15 mA, and therefore 
larger pulsed-currents. 

For current amplitudes less than -2 mA, l/rgs begins 
to curve toward the quasi-static switching current of - 
1 mA. This is the region where a small energy barrier 
exists during the application of the current pulse, and 
thermally activated reversal occurs. An extrapolation of 
the linear fit to the data between -2 mA and -5.5 mA 
gives a value for the zero-temperature switching current 
Ico = (—1.91 ±0.08) mA. The switching probability mea- 
sured at -1.8 mA still does not fit an exponential form 
very well, indicating that this current puts the device in a 
complicated transition region between fully dynamic and 
thermally activated reversal. It is expected that the mea- 
sured switching probability vs. pulse duration for cur- 
rents between -1.8 mA and -1 mA will fit an exponential 
dependence. Previous work has shown exponentially de- 
pendent switching probabilities with barrier heights that 
depend on current However, the behavior at cur- 
rents close to the quasi-static switching current cannot 
be fully investigated with the present experimental setup 
because the long-duration pulses (> 500 ns) required to 
observe exponential behavior are severely distorted by 
the capacitance of the bias-tee. 

In summary, pulsed-current switching due to spin mo- 
mentum transfer occurs in CPP spin valve nanopillars for 
pulses as short as 290 ps. Based on the measured rela- 
tionship between the threshold pulse duration required 
for consistent switching and the pulse amplitude, the 
transition between thermally activated reversal and fully 
dynamic reversal was determined. The current at this 
transition should be the zero-temperature switching cur- 
rent for the device for the particular applied field used. 
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IV. FIGURE CAPTIONS 

Fig. 1 (a) dV/dl vs. easy-axis magnetic field for 
50 nm X 100 nm hexagon shaped CPP spin 
valve nanopillar. The dashed line indicates 
the response as field is positively ramped, and 
the dotted line is the response to negative 
field ramp, (b) dV/dl vs. current showing 
current- driven reversal in an applied field /ioH 
= 66.7 mT. Arrows indicate the polarity of 
the resistance change. 

Fig. 2 Schematic of apparatus used to measure 
pulsed- current response of the CPP spin valve 
nanopillars. The center conductor of the 
CPW probe contacts the top lead of the de- 
vice, while the other two ground pins contact 
the bottom of the device. Double lines indi- 
cate 50 n transmission lines. 

Fig. 3 Switching probability as a function of pulse 



duration for 5 values of current amplitude. 
Squares denote the response to -7.8 mA 
pulses, circles for -5.5 mA, upward triangles 
for -3.9 mA, downward triangles for -2.8 mA, 
and diamonds for -2 mA. 

Fig. 4 Comparison of switching probability data 
(squares) with a simple exponential fit (solid 
line) and a better fit using the Fermi distri- 
bution function (dashed line), (a) Data and 
fits for = —2.8 mA. (b) Data and fits for 
= -2.0 mA. 

Fig. 5 Reciprocal of the pulse duration required to 
achieve 95% switching probability, l/rgs, for 
all current amplitudes that were investigated. 
Tgs was determined from a data set including 
those data shown in Fig. 3. The solid line 
is the fit to the data between -2 mA and -5.5 
mA. 
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